[ P la te s 1 -3 ]
Research on dangers caused by the inhalation of dust is often carried out upon animals; in order to apply the results towards assessing risks to human subjects it is necessary to bear in mind such differences in the respiratory organs and processes as may exist and to make due allowances. This paper describes a study of nasal filtration in the rabbit which was undertaken with such an end in view. When particles suspended in the atmosphere are inhaled some will get trapped in the nose; the work was directed to finding out the filtration efficiency of the nose, as a function of particle size, with specified steady air flows. From the results, the extent of filtration, under natural conditions, can be gauged and a basis provided for discussion of the biochemical and physiological processes which follow the deposition of particles. Droplets were used in the experiments for technical convenience, but the results are applicable to solid particles providing their shapes do not deviate too much from the spherical.
Very small drops, and vapour molecules, reach the walls of the respiratory tract by diffusion, and the rate of transfer of reagent to the tissues of the animal is governed by two interdependent factors. The external factor is the rate of diffusion to the surface; the internal factor is the rate of absorption or of chemical reaction which, when slow, may set up a diminished concentration gradient in the external diffusion zone and so retard the net transfer. Drops about 0-5/i in diameter diffuse at a rate which is several hundred thousand times slower than that of a typical organic vapour; for larger drops deposition by diffusion is quite negligible.
A drop is constrained to follow the streamlines of flow of the suspending atmo sphere by a force due to viscosity which is proportional to its surface area. On the other hand, its inertia tends to make it continue to move in a constant direction and so cut across the flow lines where these bend; when this happens it has a chance of coming into contact with the bounding surfaces. Thus the chance of deposition, dependent upon the inertia force overcoming the viscous, increases with drop diameter. I t is a function of external and geometric considerations and is not affected by saturation phenomena as in the case of vapours.
Animals used in the filtration experiments were prepared and handled by Dr E. Boyland who writes: 'Rabbits weighing between 2-0 and 3-2 kg. were anaesthetized by intraperitoneal injection of nembutal (0-5 c.c./kg. body weight). An incision was made into the neck, and a cannula bent to a right angle inserted into the trachea and tied so th at the arm in the trachea communicated with the lungs. The trachea was cut and a second cannula in the form of a T inserted to connect with the nose. The muzzle of the animal was then introduced into the apparatus through a hole in a rubber diaphragm which formed a fairly airtight connexion without pressing upon the nostrils. The nose was next tested to see th at it was free from obstruction and th at the side branch of the T cannula connected tQ a sampling apparatus. The other arm of the T was closed by a screw clip. In some experiments the mouth was sewn up, but this had no effect upon the results, and in no case was there any indication of the cloud having been sucked through the mouth. ' A cloud of droplets of Apiezon oil B covering the correct range of sizes was passed down a tube into the side of which the nose of the animal was projecting. Part of the cloud was drawn through the nose and led at a constant rate of flow through cells where sedimentation samples could be trapped without inter rupting the flow. Immediately after taking these samples portions of the original cloud were similarly trapped.
After sedimentation had taken place microscopic counts were made from which comparisons of the original and passing clouds could be drawn. Experiments were carried out on a number Of different rabbits using a range of air flows. The resistance to flow through the nose was also measured.
The success of this type of experiment depends on using a cloud of droplets whose sizes just cover the range in which penetration changes from 100 % to nearly zero. The droplet spectrum of the spray employed could be adjusted by varying the air flow, and this was set, as described below, after a preliminary trial.
. D e t a i l s o f t h e a p p a r a t u s
The apparatus consisted of three essential units illustrated in figures 1-3. Apiezon oil B was fed at a constant rate (0-024 c.c./min.) to a spray, where it was atomized by air emerging from an outer tube coaxial with the liquid capillary. This had 0-47 mm. internal and TO mm. external diameters. The coaxial air tube was 1-44 mm. internal diameter at the orifice. The air pressure was kept at 25 cm. mercury by a needle valve and manometer. The cloud from the spray (13 l./min.) was diluted with 29 l./min. of air in a bulb about 9 cm. diameter, the extra air being controlled by a flowmeter and needle valve and led into the bulb tangentially to ensure good mixing and the removal of the coarser drops. The diluted cloud passed down 50 cm. of glass tube 4 cm. in diameter to the sampling region.
The theoretical concentration of cloud was thus 0-024 c.c. in 421. or 0-57 c.c./m.3 The mean measured concentration at the sampling region was 0-083 c.c./m.3 (see below) or 14-6 % of the theoretical. The balance of the oil was collected from time to time from the bottom of the mixing bulb upon the walls of which the larger drops of the cloud impacted.
At the sampling region a short side-arm was fixed and covered with a thin rubber diaphragm, into a hole in which the muzzle of the animal could be inserted; on the opposite side was a tube connected to an inclined manometer. In the bottom a 1-5 cm. diameter tube led by a short, wide rubber tube to one manifold of the sedimentation apparatus, and through this the original cloud was drawn. This tube is marked A in figure 1. The trachea of the rabbit was connected to a T-piece of suitable diameter when an experiment was commenced the straight, open end of this was closed b] a screw clip. The side arm opened up into a 1-5 cm. diameter tube which led directb through a short, wide rubber tube connexion to the other manifold of the sedi mentation cells. This lead is marked B. By means of a Casella micromanomete the pressure at B could be held equal to atmospheric when measuring resistances or slightly above it when taking the cell samples.
The outlets from the sedimentation cells connected at A ' and B' through filters flowmeters and screw cocks to the suction side of an Edwards Mk. IV blower whicl fed air, from the pressure side, into the system as described above. This particula circuit arrangement was used, since, by screwing up the cock on the outlet of th main tube below the sampling region, a small positive pressure could be built u inside, which was equal in magnitude to the pressure drop across the nose of the animal. In this way it was possible to maintain atmospheric pressure, or in prac tice a slight excess, inside the sedimentation cells. If a more normal circuit, in volving suction only, had been employed, the pressure in the cells of the passing cloud would have been below atmospheric with the result th at air would have leaked in. I t is also probable th a t less difficulty is experienced with stoppages in the nasal passages. W ith this procedure it was not necessary for the slides of the cells to be a perfect fit; slight leakage here could cause no trouble. It was found convenient to use Spencer Wells forceps on the rubber inlet and outlet tubes of the cells so th at once the samples were obtained they could be quickly isolated. The outlet was clipped before the inlet so th at any leakage would be outwards and. hence, unimportant. The liquid flowmeter consisted of a reservoir from which oil was driven to the spray by air pressure through two helices of capillary tube in series. The pressure drop across the first of these was measured by a pair of capillary manometric tubes which were calibrated so that the difference in head of liquid across the helix was related to the flow. The purpose of the second helix was to provide a resistance to prevent the suction of the spray from taking charge. Control of flow was obtained by variable air pressure indicated on a mercury manometer (0-10 cm.). The capillary helices were immersed in a water-bath thermostated at 25° C. The flow of liquid to the spray, as well as the air, was kept constant in this manner, so that a reproducible cloud was obtained. Slides shown beside cell for sake of clarity.
F i g u r e 3. S e d im e n ta tio n a p p a r a t u s fo r o rig in a l a n d p a ss in g clo u d s.
The sedimentation apparatus comprises a block of brass containing six parallel cylindrical cells 5 cm. deep by T 5 cm. diameter arranged in two banks of three. One bank is for the original cloud and one is for the passing, each being one of identical but independent systems. The cloud enters through a manifold which communicates with all three cells but is only able to enter one at a time, the selection being controlled by a pair of opposed top slides. A rod on each of these engages with one of a pair of bottom slides which regulate the exit of the cloud into an exhaust duct common to the three cells. In a manner which is shown diagrammatically in figure 3 two sedimenting samples of cloud can be trapped in the outer cells, in sequence, without disturbing the total flow which finally passes through the centre cell.
Two hours' sedimentation suffices for drops exceeding 0-5//. diameter or 7 hr. loi those above 0-2^.
The apparatus is suitable for rates of flow and drop diameters up to maxims governed by impaction and sedimentation losses in the sampling line. This was kept as short and wide as possible. As far as the cells are concerned it can be stated definitely th at no appreciable errors arise due to losses for flows up to 10 l./min. and drops up to 20 j u ,diameter. This is equivalent to a mean velocity of 92 cm./s through the cells, which is large compared with the terminal velocity of 20 drops (1-2 cm./sec.). At this velocity 20 ju,drops have only enoug traverse 0-1 cm. of still air so th at wall losses will be slight. In addition, turbulence in the stream is unlikely to be serious. 4 . E x p e r i m e n t a l d e t a i l s
The Apiezon oil B employed had the following properties:
1-545, P25 -0-858 g./cm.3, t /25 = 0-541 poise, vapour pressure about 10-6 mm. mercury at 20° C.
At the commencement of work with this apparatus a cloud of drops of dibutyl phthalate was used which has a vapour pressure of 3 x 10~5 mm. at 20° C and boils at 340° C. I t was found th at drops below 5 diameter were subject to loss by evaporation, and after attem pts had been made to combat this by saturating all air streams with vapour it was found more satisfactory to use Apiezon oil which gave no trouble. The lifetimes of isolated drops of dibutyl phthalate are: 0-2/i diameter, 47 sec. and 2-0/t diameter, 3050 sec.
Drops were allowed to sediment on to glass cover-slips. At the conclusion of an experiment the slip was removed from the bottom slide, inverted and laid over a cavity ground in a special type of microscope slide which it just covered. A seal was then made by running a very small amount of Apiezon oil which spread by capillarity right round the circumference of the slip. In this way a firm seal was obtained which prevented evaporation by saturating the space around the drops with oil vapour. Correct treatm ent of the glass surfaces to ensure reproducible results was crucial to the success of the experiments. Attempts were first made to get absolutely clean glass surfaces by storage in chromic acid solution, washing and then flaming with a bunsen; but this was quite hopeless, as the drops spread ir regularly to a considerable extent and could not be sharply focused. Slips rinsed and polished after storage in chromic acid were better but showed the curious effect illustrated in figure 4, plate 1. Surrounding the larger drops on the slip was a relatively clear space from which the background of more numerous small drops had been removed. This phenomenon was not particularly consistent, being much worse on some occasions than others, and it is thought to have been due to a very thin film of oil creeping over the surface from the larger drops. When this film encountered small drops they probably spread into it and disappeared. I t was found th at the following technique gave the best results with freedom from this defect. The slips were stored in chromic acid solution and then removed, rinsed, and dropped into 0-1 °/0aqueous solution of the wetting agent Aerosol O.T. After keeping them in this for an hour or more the slips were dried, lightly polished and inserted in the apparatus. I t was found advantageous to reject cover-slips of poor optical quality by spreading them out on a table and examining the reflexion of a window in both surfaces.
By this method the spread of drops was consistent for sizes down to about 0-5y diameter, the criterion being reasonable agreement between counts on each of the pairs of cover-slips exposed in the slides. Smaller drops, however, were not remarkably consistent, and it is probable th at a different technique would be best for passing clouds which had a maximum drop size of this order.
After sizing and counting the drops allowance was made for their spread on glass. The drops formed plano-convex lenses, the focal length of which was measured with a microscope having a graduated scale on the fine focusing adjustment! Hence, knowing the refractive index of the oil, the angle of contact could be deduced and the volume of the lens worked out. I t was assumed th at the surface was spherical. In order to facilitate the large number of calculations needed a special chart was prepared. On each slide a number of drops was dealt with covering the range of sizes required and one or more factors determined to reduce lens diameter to equi valent spherical drop diameter. The smallest diameter of lens that it was possible to measure in this way was 4 /i. The reduction factor was always between 0-42 and 0-52.
Co m p u t in g t e c h n iq u e
♦ From a successful experiment two slips, A and B, from the original cloud cells and two from the passing cloud cells were available. Counts on each were made using 4 and 12 mm. objectives and a 17 times eyepiece fitted with a PattersonCawood (1936) graticule. W ith the 4 mm., 60 fields, defined by one-third of the long side of the graticule by the short side, were counted sizing only drops greater than the 2 circle. 60 fields were then counted, the long side by the short side, sizing drops greater than the 4 circle. Finally, using the 12 mm. objective, 60 fields were counted, long side by short side, sizing drops greater than the 4 circle. By adjusting the tube length the following relations were maintained: %on of droplets in the nose of the rabbit 291 Table 1 is a complete count for experiment 68 A (original cloud) showing, in brackets, the numbers interpolated by the method of the weighted mean. The focal length calculation for obtaining the original drop diameter, the method of summing and the working out of the distributions are also seen. Table 2 summarizes the results of similar calculations for all the successful experiments. From these results smooth number distribution curves were plotted on logarithmic probability paper, and from these the percentage by number in each of the following size ranges was read: 0*4 to 2-0, 2-0 to 4-0, 4-0 to maximum (/ Multiplying by the mean number of drops per field and comparing the corre sponding ranges for original and passing clouds led to the percentage penetration figures given in table 3. The percentage penetration by mass for the whole cloud is also given.
The 50 % diameters are those above and below which equal total masses or numbers of drops exist. The mean mass diameter is that which would be necessary if a given mass of liquid were dispersed to a number of equal-sized drops instead of to an equal number having the observed size distribution.
6 . E x p e r i m e n t a l r e s u l t s Experiment 76 was a control in which the original cloud was drawn at 2-0 l./min. through a circuit identical in every way with th at used at other times except that there was no rabbit. The results show th at the original cloud passed through the cannula and sampling tube with no appreciable loss, but their resistance was not negligible and was measured separately at different rates of flow. All figures given in this paper refer to the nose alone, this correction having been applied.
The results for experiment 71 show an impossibly high penetration in the largest size range. This experiment was done at a low flow and a low resistance so the penetration was large. The error probably arose from the sizing of the largest drops which penetrated to an unusually great extent; as a result the value 91 % for the mass penetration may be high by an amount not exceeding 10 %.
Resistance measurements were made in all cases at the time of sampling and, in the case of experiments 73, 74 and 75, immediately afterwards over a range of flows. The curves are plotted on figure 5. Readings were taken up and down the flow range and were reproducible.
Owing to the variation of individual animals, a separate animal being necessary for each experiment, a better correlation between penetration and resistance is found than between penetration and flow. From figure 5 it will be seen that resist ance correlates with both the maximum drop penetrating and with the percentage mass penetration. I t is also evident that, in general, the higher the flow the better is the filtration; this fact is in accord with the theory th at deposition in the nose is brought about by the inertia of the droplets sufficing to carry them across the streamlines of flow into contact with the bounding walls of the air channels.
Details of the percentage penetration of various size ranges and other data are given in table 3. Summarizing broadly it can be stated th at at ordinary rates of flow of 1-2 l./min. (corresponding to respiration rates of 0-5-1 l./min.), the nasal resistance is likely to be between 0-5 and 4-0 cm. water for most rabbits. All droplets above Ip diameter will be removed by the nose on inhalation. About half the diameter drops will penetrate to the lungs, and practically all the 1-5 ones and smaller. These experiments were conducted with steady air flows, whereas, in nature, respiration through the nose is intermittent. Since the terminal velocities of drops of the sizes in question are negligibly small and the purely mechanical effect of drop deposition is under review, it is thought th at the findings give a good indication of droplet or particle deposition in the natural state. I t is probable th at all droplets or particles which come into contact with the moist internal surfaces of the nasal cavity would be retained. 2-0 3-0 4-0 4 5 6 7 8 9/x maximum drop diameter in passing cloud F i g u r e 5. E x p e r im e n ta l r e s u lts fo r p e n e tr a tio n o f d ro p s a n d re s is ta n c e . I t was noted that the rhythmic twitching of the nostrils in sympathy with respiration was evident after the trachea had been cut and the animal was breathing through the cannula. channel expands posteriorly, but the complex structure of the maxillo-turbinals also develops and occupies the central part of the cavity with its many rami fications. At section (i) the free-space area of each half of the nose is 0-12 cm.2. At section (ii) the area is 0-18 cm.2. Between (i) and (ii) it will be seen that the nasoturbinal extends inwards until it comes practically into contact with the nasal septum and isolates a small upper or dorsal channel. At section (ii) the area of this is 0-02 cm.2 and th at of the main channel 0-16 cm.2. Air passing through the main channel has to penetrate the interstices of the maxillo-turbinal. At section (iii) the upper and main channels are still distinct, and the latter, now freed of the maxillo-turbinal, has an area of 0-22 cm.2. The cross-section of the upper channel remains approximately constant. In section (iv) it will be seen th at the main channel has moved ventrally and the two sides have run together, the septum being detached from the palate; the upper channel has debouched, ventrally, into the folds of the ethmo-turbinals. This region of the main channel is immediately anterior to the naso-pharynx and the total area (both sides) is 0-35 cm.2. The crosssection of the naso-pharynx is further reduced, prior to opening up into the trachea, to a minimum area of 0T9 cm.2.
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(6) Airflow
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The course of the main air flow is shown up well in figures 7 a and 8 a (plates 2 and 3), which are radiographs of a rabbit in which the cavities have been rendered radioopaque by the injection of lipiodol. Figures 7 b and 86 are control radiographs of the normal animal. The animal was kept lightly anaesthetized with nembutal and breathing through a cannula; lipiodol was injected upwards into the nose from the trachea. The rabbit was rotated to distribute the oil and injection was continued until it escaped from the nostrils. A small amount passed the epiglottis and out lined the space between the soft palate and the tongue. The septum and the maxillo-turbinals are clear in figure la , and in figure 8a some of the air spaces of the latter can be seen and some lipiodol has penetrated to the deep cavity above the ethmo-turbinals. The film of oil in the thin space between the septum and the ventral ethmo-turbinals is less clearly marked. None has penetrated to the small dorsal air channel.
Assuming an actual inflow of 1-5 l./min. the mean air speed at the various sections can be computed from the areas given below: lo c a lity n o s trils s e c tio n (i)
" ( Considering the small single channel of the naso-pharynx which takes the total flow it is of interest to work out the Reynolds number, vd/v, where v is the velocity, d the diameter and v the kinematic viscosity of air. Thus, where Q is the total flow in c.c./sec.,
This is the portion of the main channel, posterior to the maxillo-turbinals, where turbulent flow would be most likely to develop, but the value of the Reynolds number shows that the stream is laminar. Upon this basis it is possible to obtain a rough idea of the resistance to flow through the posterior portion of the nose by replacing it by a tube 5 cm. long and 0-25 cm. radius. The pressure drop across such a tube when the incoming air has negligible kinetic energy is given by the formula
( I + P Q / S ttt]).
where 7] is the viscosity of air, p its density, l the length Putting in the values for air at 20° C and 1 atm. this reduces to
The first term represents the pressure used in overcoming viscous traction and the second that expended in giving kinetic energy to the air.
For 1 -5 cm., r = 0-25 cm., Q = 1-5 l./min., then P = 14-9+ 19-6 = 34-5 dynes/cm.2 or 0-035 cm. water. Now consider the flow through the maxillo-turbinals. As a rough approximation these can be replaced by a bundle of forty capillary tubes in parallel, each of radius 0-037 cm. and length 1-8 cm. Then the total free-space area is 0-17 cm.2 per nostril, of the same order as the measurements. The above formula can now be applied with Q = 12-5/40 c.c./sec., giving P = 140 + 5 = 145 dynes/cm.2 or 0-15 cm. water.
This resistance is about half the smallest measured value, but its magnitude depends considerably on the clearance between the bony structures or upon the analogue, the tube radius, r. I t is at least clear th at the bulk of the resistance to flow is located across the maxillo-turbinals, and th at most of the stream must proceed through them.
Air which enters the upper channel during inhalation passes along the dorsal surface of the naso-turbinal and flows back into the main stream at right angles by passing through the slit-like space, about 1 cm. long (anterior-posterior) , between the inner surfaces of the lower ethmo-turbinals and the nasal septum, which is roughly central on section (iv). This slit is quite thin, probably about 0-2 mm. in some places, but owing to its length and the small cross-section of the upper channel which feeds a fraction of the inspired air, the air speed across the ethmo-turbinals must be quite low. Owing to the low air speeds involved the partition of air between the upper and main channels would be governed by their relative resistances and not, it is thought, by the directive action of jets. Hence air probably reciprocates in the upper channel during respiration. This is apparently employed to excite the olfactory sense organ located posteriorly on the ethmo-turbinals. I t is difficult to see how the twitching of the nostrils during normal respiration could affect the flow through the upper channel, since its anterior junction with the main channel is surrounded by bony structures.
(c) Filtration
Interest in this connexion again centres upon the maxillo-turbinals. This struc ture may serve as a unit for warming and humidifying the inspired air as well as a dust filter. The clearance between the lamellae of the structure varies from about 0-5 mm. downwards with some channels as narrow as 0T mm. I t is upon the walls of these narrow passages th at the larger drops deposit. A drop of radius a can be projected through still air for a distance x when it has an initial velocity v by virtue of its kinetic energy which enables work to be done against the viscous drag of the surrounding air.
For moderate velocities and in the range of diameters considered, x can be calculated from the following formula, deduced from the ordinary principles of dynamics and Stokes's law of fluid resistance,
where p' is the density of the drop or particle. It is thus evident th at drops above about Ip would possess enough kinetic energy to traverse distances comparable with the channel width so th at deposition would be possible where the walls projected or curved in any way. A percentage of smaller drops which were closer to the walls would similarly be removed, but the rest, once clear of the turbinals, would pass into the lungs. Particles below [1] [2] [3] [4] [5] pd iameter will penetrate freely unless they are so small t diffusion to the walls is appreciable during the short time of transit through the nasal channels. A good estimate of the maximum size at which this mechanism is effective can be obtained as follows.
If the diffusing particles are present in uniform size and distribution in a cloud of gas passing through a tube, the walls being supposed to have perfectly absorbing surfaces, it is possible to calculate the ratio of the mean outlet concentration, c, to the initial concentration cs. For laminar flow through the tube and neglecting end effects on the velocity profile, c/cs = 0-819exp( -14-6272/1)+ 0-0976 exp ( -89-22/1) + 0-01896 exp ( -212d )+ where A = nDl/^Q, D being the coefficient of diffusion for the particles, l the length and Q the mean rate of flow. This equation has been deduced from the result for an analogous problem in heat transfer which is dealt with in the work Modern developments in fluid dynamics (edited by S. Goldstein, 2, 619, 1938) . It will be observed that the expression is independent of the diameter, the slower velocity in a wide tube exactly compensating for the greater distance through which particles must diffuse to reach the wall; at the same time, since c/cs diminishes rapidly with increasing values of A, it is clear th at absorption in the multiple channels of the maxillo-turbinals will greatly preponderate over th a t occurring elsewhere.
For 50 The weight of such a small particle is 9200// x 10~24 g. If it was a single molecule of unit density the molecular weight would be 5500. The corresponding figures for 1 0 % penetration are c/cs = 0-l, = 0-143, F) = 0-0316, 2a/F = 0-0754 x 10^8, 2a = 0-0012/t or 12 A. Weight = 905// x molecular weight about 550.
Molecular weights of the same order are also given by the approximate formula D = 0-74/V-M.
These calculations are of some importance, since they show that gases of low molecular weight will be absorbed in the nose unless the rate of diffusion to the surfaces of the cavity is diminished. Any one of a number of factors which govern the solution, reaction or disposal of absorbed gas might bring this about if an accumulation developed at some stage. The effect of this would be passed back to the surface where increased surface concentration of dissolved or adsorbed mole cules would result in a higher concentration in the adjoining vapour layer and hence in slower diffusion to the surface on account of the diminished concentration gradient in the vapour phase. The control of absorption may rest with diffusion for some gases. These will be absorbed in the nose, but in other cases physical chemical factors within the tissues will be paramount; such gases may penetrate the nose and reach the lungs.
Using similar arguments to the above it can be concluded th at given moist surfaces to the walls of the cavities the inflowing air must become saturated with moisture.
Finally, it should be remembered th at the structure of the maxillary turbinals in the rabbit is exceptional; they are much simpler in man or in the goat, for example, so th at in these species a greater chance of fine particles or molecules reaching the lungs would be anticipated. This might not be the case for large particles on account of the higher air flows but the channel sizes would have to be considered in relation to these.
This work was planned dnd carried out at a Ministry of Supply Research Establishment and arose out of another problem which was under investigation there. Thanks are due to the authorities for permitting publication.
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